Paeoniflorin (PF) is one of the main bioactive components of total glucosides of paeony (TGP) extracted from the root of Paeonia lactiflora Pall. TGP exhibit various biological activities such as improvement in memory, hepatoprotection, antimutagenic properties and platelet aggregation inhibition. The aim of this paper is to review the pharmacokinetics (PK) of PF as a pure compound and in single or multiple herb(s) of traditional Chinese medicine (TCM) prescriptions. The distribution of PF or PF in TCM fitted one or two compartmental model after oral administration or intravenous injection, respectively. However, PF has a low bioavailability (BA) in rabbit (7.24%) and rat (3.24%) after oral administration. The PK profiles and BA of PF were remarkably improved when co-administered with sinomenine or glycyrrhizin acid. The PK profiles and BA of PF in Radix Paeonia Rubra (RP-R) and Jing-zhi guan-xin were improved, but in co-administration of RP-R with Radix Angelicae Sinensis, the BA was significantly reduced. PK profiles and BA of PF in Shan yao gan-cao tang or Danggui-Shaoyao-San was either remarkably improved or not. However, neither the PK profiles nor the BA of PF in Radix paeonia alba, Huangqin-tang Si ni san or Tang-Min-Ling-Wan was improved. Metabolism in the liver did not play any role in the low oral BA of PF. The low BA was thus attributed to poor permeation due to low lipophilicity, P-glycoprotein mediated efflux, intestinal bacteria and hydrolytic degradation in the intestine by the intestinal brush border lactase phlorizin hydrolase (LPH) and certain esterases. These findings show the in vivo course of PF and provide information on the maximum biological actions of PF that may help traditional Chinese herbal medicinal practitioners.
Introduction
Paeonia lactiflora Pall is a Chinese herb commonly known as Baishao or white peony (Figure 1 ) from the Ranunculaceae family. According to traditional Chinese medicine (TCM), P. lactiflora functions either as a single herb or in combination for nourishing blood and Yin, calming the liver to relieve pain and suppressing hyperactive liver-Yang. P. lactiflora is used as an analgesic, anti-inflammatory and antispasmodic drug in the treatment of amenorrhea, dysmenorrhea, and pain in the chest and abdomen. Radix Paeoniae is also used to treat dementia, headache, vertigo, spasm of the calf muscles, liver disease, and allergies, and as an anticoagulant [1] [2] [3] [4] .
Chemical compounds isolated from P. latiflora include pentagalloylglucose, paeonilactones A, B and C, paeonol, benzoic acid, trihydroxybenzoic acid, gallic acid and monoterpene glucosides such as paeoniflorin, oxypaeoniflorin, isobenzoylpeoniflorin, 4'-O-methyl-paeoniflorin, isopaeoniflorin, isobenzoylpeoniflorin 3'-O-galloyl-paeonifloin, 4'-O-galloypaeoniflorin, albiflorin, 4'-O-galloylalbiflorin, 6'-O-beta-D-glucopyranosylalbiflorin, and 6'-Obenzoylalbiflorin [5] [6] [7] [8] [9] .
Paeoniflorin (PF) (Figure 2(a) ), the major bioactive monoterpene glucoside from P. lactiflora is characterised as a neutral compound (MW 428.47) with good solubility (log P = 2.88) indicating low lipophilicity (http://www. chemnetbase.com). Pharmacological studies have indicated that PF has anti-inflammatory [10] , anti-coagulant [11], neuromuscular blocking [12] , cognition-enhancing [13] [14] [15] , anti-hyperglycemic [16] and neuroprotective [17, 18] effects. Knowledge of bioactive constituents of medicinal herbs with favorable pharmacokinetic properties is essential for understanding the relationship between consumption and pharmacological effects with the view of identifying therapeutic principles in herbal medicines. Different from single compound of Western drug, TCM is a complex system consisting of multiple compounds. Pharmacokinetic studies are valuable in evaluating the rationality and compatibility of herbs and prescription due to the complexity of chemical compounds present. Normally, one major active ingredient is selected as the indicative compound and the interactions of ingredients in the herb or prescription are clarified based on the pharmacokinetic behaviour of the selected compound. Hence, the development of pharmacokinetic study on PF, the major bioactive monoterpene glucoside of P. lactiflora, as a pure compound and in single or multiple herb(s) of TCM Prescriptions was reviewed in this paper.
Pharmacokinetics and Poor Oral
Bioavailability of PF as a Pure Compound
Pharmacokinetics of PF as a Pure Compound
The pharmacokinetics of PF as a pure compound has been studied in different species and different routes of administration. The plasma concentration-time curve for dog, rabbit and rat in different papers showed speciesindependency after intravenous injection [19] [20] [21] [22] [23] ( Table  1) . The logarithmic plasma concentration-time curve of PF (30 mg/kg) in rats after intravenous injection showed a rapid decline initially but then slowed eventually , thus resulting in a biphasic curve characterized by C = C 1 e
, that is, the sum of two exponential terms C 1 e −λ1t and C 2 e −λ2t
, where C 1 and C 2 refer to the plasma drug concentration given by the corresponding zero-time intercept, and λ is the rate constant with an associated half-life, t. This distribution could therefore be fitted into a two-compartment model as distribution equilibrium is reached between plasma and highly perfused tissues with further redistri-bution from well-perfused tissues to less-perfused tissues during (2) to the central compartment (1); subsequent decline. However, a logarithmic plasma concentration-time curve of PF (300 mg/kg) after oral administration in rats showed fast absorption with a terminal linear decline of plasma concentration characterised by the monoexponential equation C = C (0) e −λt . This distribution could therefore be fitted into a one-compartmental model as equilibrium is rapidly reached between plasma and highly perfused tissues [22] .
PF have a low bioavailability of about (7.24 ± 4.15)% after 250 mg/kg intragastric (ig) dose in rabbits [19] , and about (3.12 ± 0.76)% after oral administration in rats [21] [22] [23] . Takeda et al. [24] showed that the cumulative urinary and fecal excretions of PF at 5 mg/kg dose after intravenous injection were 50.5% and 0.22% of the dose within 7 h, 1.0% and 0.08% of the dose after oral administration within 48 h, respectively. The cumulative bile excretion after intravenous or oral administration in rats at a dose of 0.5 mg/kg were 6.9% and 1.3% of the doses within 24 h, respectively. The total renal and bile clearance was less than the total clearance value. This conforms to the findings of Chen et al. [20] who found out that after the ig administration of 550 mg/kg of PF, 10% and 1% of PF were removed from rat feces and urine, respectively, and that 8.64% could be recovered from the rat bile within 7 h after 55 mg/kg intravenous administration. PF was also rapidly removed from the blood by the kidney to 36.85% in 20 min and 79.33% in 7h of the accumulated recovery amount of excretion after 11.25 mg/kg total intravenous doses administered to dogs. An accumulated amount of only 3.77% within 7 h was also found in the bile after intravenous administration [19] . These results may be due to poor absorption from the gastrointestinal tract, decomposition in the intestine by bacterial microflora, and/or first-pass elimination in the gut wall or liver.
Poor Oral Bioavailability of PF in Vivo
PF as a single compound has a wide range of pharmacological actions but low bioavailability. In an in vivo assessment to estimate the first pass elimination by intestinal flora, the extraction ratios of PF in the gut wall, liver and lungs were assessed by comparing the AUCs after various routes of administration [21] . The plasma concentration profile of PF after intraportal administration [(0.5 and 5) mg/kg] was close to that of intravenous administration. The mean pulmonary extraction ratio from the veins and the arteries was also estimated to be 0.06. These findings suggest that PF has a negligible hepatic extraction ratio and that it is not metabolized in liver and lungs. Rather, the unbound fraction is degraded by intestinal flora (Bacteroides fragilis or Lactobacillus brevis) to form the 7S and 7R isomers of paeonimetaboline I as major metabolites, along with the 7R and 7S isomers of paeonimetaboline II as minor metabolites [25, 26] (Figure 2) .
Liu et al. studied the action of lactase phlorizin hydrolase (LPH, a brush border membrane-associated enzyme in intestinal cells that hydrolyse lactose) to PF using a single-pass four site rat intestinal perfusion model. There was significant decrease of PF to paeoniflorigenin (>80%) in the perfusate in the presence of LPH inhibitor, gluconolactone, with a lower apparent absorption in the upper small intestine. In this region, LPH is more active and esterases catalyse the hydrolysis of PF to form benzoic acid [27] (Figure 2 ).
Pharmacokinetics of PF in TCM Prescriptions

Pharmacokinetics of PF in a Single-Herb Prescription
Radix paeonia rubra (RP-R) and radix paeonia alba (RP-A) are two independent traditional Chinese herbal medicines, both of which are obtained from the root of P. lactiflora Pall. (Figure 1(b) ) and have different pharmacological actions. The former is obtained directly from the dried roots of P. lactiflora Palls. grown wild, while the latter is from a decoction of the dried peeled roots of P. lactiflora Pall. grown domestically. RP-R reportedly exhibits pharmacological actions against coronary diseases (e.g., angina pectoris, chronic-cardiac ischemia, ventricular tachycardia, augmenting blood of coronary artery, anti-acute myocardial ischemia); it also features antiplatelet aggregation, anti-thrombogenesis, activation of fibrinolysis, antihyperlipidaemic effect, improvements in blood hypervisicosity syndrome and decreased blood pressure, anti-atherosclerosis, heart or liver protection, antitumor effects, and protection of neurons against kainic acid-induced neurotoxicity [28, 29] . RP-A has been reported to exhibit anti-inflammatory, anti-viral, spasmolytic, analgesic and liver protection effects [30, 31] . The pharmacokinetic differences of PF have been investigated in RP-R and RP-A with respect to its low bioavailability following oral administration in aqueous PF solution, decoction of RP-R and RP-A at doses of 300 mg/kg PF content by oral gavages in rats using a simple high-performance liquid chromatography (HPLC) method [22] . The oral absorption kinetics of PF in RP-R and RP-A were influenced when compared to PF alone following oral administration ( Table 2 ). The absorption half-life of PF in RP-R was much delayed followed by PF in RP-A and then by PF alone. The peak time (t max ) occurred much longer in RP-R followed by RP-A and then by PF alone. This findings indicates that there was a delay in the absorption of PF until it reaches the value at which point the rate of elimination matches the rate of Values represent: mean ± SD, oral administration of RP-R versus RP-A, * P < 0.05; ** P < 0.01, oral administration of RP-R, RP-A versus paeoniflorin solution:
• P < 0.05;
absorption at maximum concentrations of PF in RP-R, RP-A and PF alone, respectively. However, the significantly decreased C max of PF in RP-A with a corresponding decrease in the area under the concentration-time curve (AUC) of (10.61 ± 1.56) µg·h/mL showed that even though there was a delay of absorption of PF in RP-A, there was a decrease in bioavailability when compared to PF in RP-R and PF alone, with AUC of (24.89 ± 7.41) µg·h/mL and (18.87 ± 7.54) µg·h/mL, respectively. These findings correspond to the remarkable improvement in the relative bioavailability of PF alone from 3.26% to 4.26% of PF in RP-R, but a remarkable decrease to 1.82% in RP-A after oral administration to rats.
In a similar study using an HPLC-electrospray ionization mass spectrometry, Feng et al. [32] investigated the pharmacokinetic properties of PF following oral administration of aqueous extracts of RP-R and RP-A containing 0.2 g/g crude drug to rats. The results ( Table 3) showed a higher C max , higher AUC 0-∞ , an increased t max , a delayed t 1/2 , and a lower K e of PF in RP-R than in RP-A with C max , AUC 0-∞ , t max , t 1/2 and K e at a significant difference P < 0.01. This also supports the fact there was oral bioavailability increase of PF in RP-R than RP-A due to the significant increase in AUC and C max with a remarkable change in peak time. with Radix Angelicae Sinensis to rats using HPLC-MS/MS method [33] . RP-R in the presence of Radix Angelicae Sinensis can significantly reduce the bioavailability of PF in RP-R. The kinetic process of paeoniflorin in plasma showed two compartment model after oral administration of RP-A extract at doses of 0.2, 0.4, 0.8 g/kg to rats using an HPLC-MS/MS method [34] .
The differences between the plasma concentration profiles of PF in RP-R or RP-A compared to PF alone is evidence of drug-drug interactions as a result of different complex chemical compounds present in herbal medicines. This could occur either by induction of metabolic enzymes, P-glycoprotein, LPH, esterase's, or degradation by intestinal bacteria. It was reported by Feng et al. [32] that except for PF, the other monoterpene glycosides of albiflorin, benzoylpaeoniflorin and some acids of benzoic acid, trihydroxybenzoic acid were the common components existing in both drugs. Paeonol and paeoniflorinsulfite were characteristic chemical constituents for RP-R and RP-A, respectively. The content of albiflorin and oxypaeoniflorin in RP-A was larger than that in RP-R, while the content of PF and benzoic acid was higher in RP-R than that in RP-A. RP-R as a decoction may be more useful clinically in TCM hospitals as evidenced by the pharmacokinetic profiles above.
Patients are the final users of drugs and it will be interesting if pharmacokinetics studies are considered in animal models compared to normal animals. In a study, Jiang et al. [35] , investigated the pharmacokinetics of PF in RP-R following intragastric administration of RP-R powder (low dose: 7 g/kg or high dose: 14 g/kg containing 357 mg/kg or 714 mg/kg PF, respectively) to normal rats (NR) and alpha-naphthylisothiocyanate induced acute cholestasis hepatitis (ACH) rats using Ultra Performance Liquid Chromatography (UPLC)-ESI-MS/MS method. This showed remarkable improvement in absorption kinetics in both low dose (LD) and high dose (HD) administered with increased AUC 0-t , increased AUC 0-∞ , high t max and reduced CLz/F in the ACH rats compared to that of the normal rats with corresponding parameters shown 
Pharmacokinetics of PF in Multiple-Herb Prescription
The pharmacokinetics of PF in single-herb extracts had been shown to be influenced by the complexity of other phytochemicals that may be present. Most TCM prescriptions are multiple herbal formulations. Thus, knowledge of the pharmacokinetics of marker compounds in the presence of other herbs cannot be overemphasised primarily due to its relevance to the biological actions or otherwise of the herbal prescription. Shao-yao GancaoTang (SGT), which is composed of Radix P. lactiflora and Radix Glycyhhizea uralensis, is one of the most famous Chinese prescriptions. SGT is widely used in China and Japan for acute abdominal pain and muscles stiffness. The pharmacokinetics of PF following oral administration of 2 mg/ml SGT extract (containing 10 mg/kg PF) to mouse using a simple and rapid HPLC method was significantly improved compared to the kinetics data of PF after oral administration of Paeoniae Radix extract alone [39] . The results and the previously reported kinetic data of PF after oral administration of Paeoniae Radix extract alone (Table 5) , showed high t max , increased C max , increased AUC 0-t , decreased V d /F, (V d means apparent volume of distribution, F means bioavailability), reduced CL/F and prolonged t 1/2 , respectively. Therefore the absorption kinetics and bioavailability significantly, P < 0.01, improve since the C max and AUC value increase with an increase in the peak time. This therefore took longer for the amount of PF to reach the value at which the rate-step limiting matches the rate of absorption C max . This conclusion conforms with Shen et al. [40] that, generally, the absorption of Shaoyao (Paeoniae Radix) components in SGT was increased when Table 5 ) of PF of Jing-Zhi-Guan-Xin (JZGX), composed of Radix Salviae Miltiorrhizae, Radix Paeoniae Rubrae, Rhizoma Chuanxiong, Flos Carthami, and Lignum Dalbergiae Odorafera, were remarkably improved when compared with that of Paeoniae Radix extract alone (longer t max , increased C max ; increased AUC 0-∞ , longer MRT and a longer t 1/2 ) after oral administration, indicating that the absorption of PF after the oral administration of JZGX tablets was significantly greater than that of Paeoniae Radix extract alone and that it occurred with a significant increase in AUC after oral administration of JZGX tablets. These findings suggest that relatively more PF was absorbed [42] .
Danggui-Shaoyao-San (DSS), composed of Radix Angelica sinesis, Radix P. lactiflora, Sclerotium poriae Cocos, Rhizoma Atractylodis macrocephalae, Rhizoma Alisma orientalis and Radix Linguistici wlichii, is clinically used for the treatment of vascular dementia (VD). The pharmacokinetics of PF (Table 6) , either in pure form (224 mg/kg) or in DSS (3.54 g/kg containing 224 mg/kg PF) following oral administration to VD rats Huangqin-Tang, a compound prescription consisting of four medicinal herbs (i.e., Radix Scutellariae baicalensis, Radix P. lactiflora, Radix G. uralensis and Ziziphus jujuba Mill.) showed no significant difference in the pharmacokinetic parameters of PF in compound prescription compared with the single herb extract of P. lactifola ( Table 7) after oral administration containing 10 mg/kg PF content using a simple validated HPLC method [26] . Similarly, the results of a study ( Aurantii Immaturus, Radix Bupleuri, Rhizoma Pinelliae, is used for hyperlipidemia and hyperglycemia and increasing insulin expression and antioxidant enzyme activity. It is used clinically in the treatment of type 2 diabetes mellitus and diabetic complications [45] . An HPLC-MS/MS method was developed and applied to pharmacokinetics of PF after oral administration of 55 mg/kg PF content of TWLW ( Buyang Huanwu decoction (BYHWD) is a Chinese traditional compound. BYHWD is composed of Radix Astragalus membranaceus, Radix Angelicae Sinensis, Radix P. lactiflora Pall.; Radix Ligustici wallichii, Carthamus tinctorius L, Amygdalus persica L.; and Pheretima aspergillum. It has been developed as a drug to treat stroke-induced disabilities and has proven effective in treating cerebrovascular illnesses [47] . A reversed phase-HPLC method developed and applied in a pharmacokinetic studies of PF after intravenous administration of BYHWD and total glycosides to rats fitted a two compartmental model while an oral administration to rats by Zhang et al. [48] fitted a one compartmental model with first order absorption. Wuji Pill is a prescription of a traditional Chinese medicine commonly used to treat gastro-intestinal disorder. It consists of three herbs such as Rhizoma Coptidis, Fructus Evodiae Rutaecarpae and Radix Paeoniae Alba. A pharmacokinetic study after oral administration of Wuji Pill to rats using a developed LC-MS/MS method by Yuan et al. [49] to simultaneously determine six alkaloids [palmatine, jatrorrhizine, berberine coptisine (from Rhizoma Coptidis); Evodiamine, rutacarpine (from Fructus Evodiae Rutaecarpae)] and one monoterpene glycoside [paeoniflorin, (from Radix Paeoniae Alba)] showed that PF of Radix Paeoniae Alba fitted a two compartmental model. This is comparable to the result of an intravenous administration of PF alone reported by Wang et al. [22] . However, other compound prescriptions discussed in this review fits one compartmental model. This shows that the use of multiple herbs in a prescription can alter the pharmacokinetic status as well as its pharmacological effects.
Influence Factors on PF Absorption
Using the Everted Rat Gut Sac Model
The everted rat gut sac model [50] has also been used to establish that PF is not metabolised in the intestine. This showed a total recovery rate (in the serosal side, mucosal side and gut side tissue) higher than 97% and an uptake in the sac tissue about 10% with a saturation of PF absorption in to the sac content at 80 µM [51] . The possibility that an energy-dependent carrier-mediated transport may be involved in the PF intestinal absorption has been speculated, since in vivo studies with an unrestricted conscious rat demonstrated that with co-administration with sinomenine (90 mg/kg), the peak plasma concentration of PF in rats was elevated, the peak time delayed, AUC 0-t increased with prolonged MRT, clearance decreased and volume of distribution declined [52] . A similar outcome was reported upon co-administration of PF and glycyrrhizin acid [53] (Figure 2) .
In the everted rat gut system the fraction of PF in the sac content was nearly elevated to 1.5-fold and 2.5-fold, respectively, when the gut sac was treated with 16 µM and 136 µM sinomenine in TC 199 medium for 45 min of incubation. Similarly, treatment of the gut sac with 100 µM verapamil and 1.3 mM quinidine significantly increased PF absorption in the sac content to 2.1-fold and 1.5-fold, respectively. These elevated levels of absorption of PF in the presence of inhibitors were consistent with that of digoxin (113 µM) a P-glycoprotein substrate, which was increasingly absorbed to about 2.5-fold when co-incubated with sinomenine (136 µM) relative to the non-sinomenine treated gut sac [51] . Studies on the effect of glycyrrhizin on the intestinal absorption of PF by the everted rat sac model also showed that PF could be absorbed in the duodenum, jejunum, ileum and colon of rats and glycyrrhizin can improve the efflux of PF from intestinal cells. These findings from the everted rat gut system therefore suggest that PF is not metabolised in the intestine and that its low bioavailability may be due to P-gp mediated efflux, a hypothesis that was partly in conformity with the findings of Liu et al. [27] who investigated the mechanism for the poor oral bioavailability of PF and the role of intestinal disposition and interaction with sinomenine using a single-pass four site rat intestinal perfusion model and a cultured Caco-2 cell model.
Using the Rat Perfusion and Caco-2 Cells Models
In both model systems, absorption of PF was shown to be very poor. In the Caco-2 cell model, the apparent permeability from the apical to the basolateral was 0.48 × 10 −6 cm/s. This value is similar to poorly absorbed compounds such as mannitol at 1.7 × 10 −6 cm/s and sulfasalazine at 0.34 × 10 −6 cm/s and is 23 times lower than propranolol at 11.3 × 10 −6 cm/s, a highly absorbed compound [54, 55] . The rat intestinal perfusion model also showed a similar results with < 0.4 in all four intestines lower than propranolol ( > 3.5) but similar to rutin ( < 0.58) and mannitol with < 0.3 [56] . Furthermore, in the perfusate model predominant intestinal metabolites of PF such as paeoniflorigenin and benzoic acid were found. The presence of the metabolites were not affected in the presence of cyclosporine A (5 µM) or sinomenine (100 µM), while absorption increased in the jejunum (45% to 55%) and terminal ileum (80% to 86%) but not in the duodenum [27] . Similarly, in the Caco-2 cell model, absorptive transport of PF was significantly (P < 0.05) increased 38% by sinomenine, 27% by verapamil and 41% by cyclosporine A. In contrast, its secretory transport was significantly (P < 0.01) decreased to 45% by sinomenine, 35% by verapamil and 37% by cyclosporine A. MRP inhibitors MK-571 and leukotriene C4 did not affect transport of PF. Sinomenine was also shown to significantly increase the absorptive transport of digoxin and significantly decrease its secretory transport.
Conclusion
PF administered alone has a low bioavailability. However in the presence of other phytochemicals, either in pure form or in single or multiple herb prescriptions, the bioavailability or the pharmacokinetics profiles may or may not be significantly enhanced. This could consequently have direct impact on its pharmacological actions. Different methods to determine the cause of its low bioavailability have shown that PF is poorly absorbed due to low lipophilicity, efflux through P-glycoproteins, hydrolytic degradation in the intestine by intestinal brush border LPH and certain esterases, as well as intestinal bacteria and without hepatic metabolism. However, the bioavailability may be improved with P-gp inhibitors (sinomenine) and LPH inhibitors. Methods that could be used to determine the mechanism of the low bioavailability of a compound needs serious consideration to be able to give good predictions about the in vivo course of the compound. Further work needs to be done to confirm the effect of glycyrrhizin acid on the improvement of the bioavailability of PF using the Caco-2 cell model and/or MDCK II-MDR 1 cells, and the four-site Perfusion model.
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